Aims Individuals with type 2 diabetes have an increased risk of developing non-alcoholic fatty liver disease (NA-FLD), and NAFLD patients are also at greater risk for developing type 2 diabetes. Although the relationship between type 2 diabetes and NAFLD is highly interconnected, the pathogenic mechanisms linking the two diseases are poorly understood. The goal of this study was to identify genetic determinants of hepatic lipid accumulation through association analysis using histological phenotypes in obese individuals. Methods Using the Illumina HumanOmniExpress BeadChip assay, we genotyped 2,300 individuals on whom liver biopsy data were available. Results We analyzed total bilirubin levels, which are linked to fatty liver in severe obesity, and observed the strongest evidence for association with rs4148325 in UGT1A (P \ 5.0 9 10 -93 ), replicating previous findings. We assessed hepatic fat level and found strong evidence for association with rs4823173, rs2896019, and rs2281135, all located in PNPLA3 and rs10401969 in SUGP1. Analysis of liver transcript levels of 20 genes residing at the SUGP1/ NCAN locus identified a 1.6-fold change in the expression of the LPAR2 gene in fatty liver. We also observed suggestive evidence for association between low-grade fat accumulation and rs10859525 and rs1294908, located upstream from SOCS2 and RAMP3, respectively. SOCS2 was differentially expressed between fatty and normal liver. Conclusions These results replicate findings for several hepatic phenotypes in the setting of extreme obesity and implicate new loci that may play a role in the pathophysiology of hepatic lipid accumulation. 
Introduction
Type 2 diabetes and obesity are associated with fat accumulation in the liver, which is commonly diagnosed as non-alcoholic fatty liver disease (NAFLD) and is associated with the metabolic syndrome [1] . Indeed, the majority of patients with NAFLD are overweight or obese, and individuals with type 2 diabetes have an increased risk of developing the disease [2] . Conversely, patients with fatty liver are also at greater risk for developing type 2 diabetes [2] . Although the relationship between type 2 diabetes and NAFLD is highly interconnected, the pathogenic mechanisms linking the two diseases are poorly understood. Similarly, hepatic lipid accumulation has been proposed as a cause, rather than a consequence, of the development of hepatic insulin resistance [3] , but the molecular mechanism by which this occurs is not yet known.
Both environmental and genetic factors play a significant role in mediating risk for the development of increased fat in the liver [4] . A major risk factor is obesity, and extreme obesity in particular is associated with a high prevalence of hepatic fat accumulation [5] . A genetic component is supported by observations of familial aggregation, family history of type 2 diabetes, and ethnic differences in disease prevalence [6] [7] [8] [9] . In addition, hepatic fat accumulation and liver fat fraction are also highly heritable [10] . A number of genetic variants have been associated with the development of fatty liver [11] , and the strongest evidence for association across multiple studies has been observed with marker rs738409 in the patatin-like phospholipase domain containing 3 gene (PNPLA3). The first findings of association were in participants of the Dallas Heart Study, in whom the G allele, which causes an isoleucine to methionine substitution at position 148 of the protein sequence, was associated with hepatic fat content estimated via proton magnetic resonance spectroscopy [12] . The association between the G allele and hepatic fat has been replicated across individuals from different ethnicities and geographical regions; however, the effects of the PNPLA3 variant appear independent of features of the metabolic syndrome, including obesity, insulin resistance, and hypertriglyceridemia [12] [13] [14] [15] [16] [17] [18] [19] . These results suggest that PNPLA3-associated increases in hepatic fat content may have different metabolic consequences than other mechanisms of lipid accumulation.
Most genetic studies of fatty liver have used imagebased phenotyping rather than histological determination, which remains the gold standard for diagnosis and staging of the disease. Here, we investigated the genetic determinants of hepatic lipid content based upon biopsy-proven phenotype using a genome-wide approach. We utilized a population design of extreme obesity and a high level of adiposity to homogenize the potential for a fatty liver phenotype, resulting from caloric over-consumption. That is, all patients will have consumed sufficient calories to induce liver fat accumulation in susceptible individuals. We first conducted a genome-wide analysis of serum total bilirubin level, strongly influenced by a single major locus (20, 21) , to determine the genetic architecture in extreme obesity. Bilirubin has also been associated with fatty liver in morbid obesity [20, 21] , correlated with insulin sensitivity in animal models [22] , and inversely related to insulin resistance in children and adolescents, and has been reported to be a risk factor for mortality in type 2 diabetes [23] . We then extended this approach to histologically determined hepatic lipid content as a phenotype. To minimize the effect of genetic variants that predispose to severe fat accumulation, we also conducted genome-wide analysis of mild or incipient hepatic lipid accumulation, which may have more relevance to the onset of hepatic insulin resistance. Finally, we examined levels of expression of two genes harboring variants associated with hepatic fat content in this extremely obese population, providing the first evidence for these loci in the pathophysiology of hepatic fat accumulation.
Methods

Study sample
Study participants were comprised of Caucasian individuals enrolled in the Bariatric Surgery Program at the Geisinger Clinic Center for Nutrition and Weight Management. Blood samples and medically related data were obtained from patients during a standardized, multidisciplinary, preoperative program. The preoperative preparation process included a separate clinic visit in which a 1-2 h comprehensive clinical interview and psychological evaluation were conducted by certified psychology professionals that included assessment of drugs, alcohol, and smoking behaviors. Patients with definite or possible evidence of addictive behaviors were not allowed to proceed to surgery. In addition, any clinical data, e.g., diagnostic ICD-9 codes, medical, and medication history, that indicated drug or alcohol abuse were identified, and those patients were removed from the study. In all participants, wedge biopsies of the liver were obtained intraoperatively from a similar anatomic location, approximately 10 cm lateral and to the left of the falciform ligament. The tissue was sectioned so that one-fourth to one-third was submerged directly in RNAlater (Applied Biosystems/Ambion; Austin, TX), and the remainder was fixed in neutral buffered formalin, stained with hematoxylin and eosin, and histologically evaluated as part of clinical standard of care using NASH CRN criteria [24] . A second pathologist reviewed histological data. Hepatic lipid content was graded using low-to medium power evaluation of hepatocyte involvement by macrosteatosis and/or microsteatosis with grade 0 involving \5 % of parenchyma, grade 1 involving 5-33 %, grade 2 involving 33-66 %, and grade 3 involving [66 %.
Clinical variables were obtained from an electronic database as described previously [25] , including basic clinical measures, demographics, diagnostic ICD-9 codes, medical and medication history, and common laboratory results. Research was approved by the Institutional Review Boards of the Geisinger Clinic and the Translational Genomics Research Institute, and informed consent was obtained from all patients to participate in the study.
Genome-wide SNP genotyping and quality control
Statistical analysis
We utilized a two-pronged strategy for association testing. First, we used linear regression to assess additive allelic effects. Linear regression was used to fit encoded genotypes to numerically graded level of hepatic fat or mean serum bilirubin level. We also used logistic regression to evaluate the association of genotype and grade 1 versus grade 0 hepatic lipid content. The unadjusted regression, false discovery rate (FDR), and Bonferroni-adjusted p values were used to determine statistical significance. The eigenstrat method was used to analyze and adjust for any potential confounding based on unexpected differences in ancestry. Full-scan permutation was used with principal components analysis with 10 principal components calculated, and full permutation testing performed five times to identify any outliers [6 standard deviations. Outliers were removed. All statistical analyses were performed using Plink version 1.07 and HelixTree SNP Variation Suite 7 (http://www.goldenhelix.com/). SNAP (SNP Annotation and Proxy Search) was used to calculate linkage disequilibrium [26] .
RNA isolation, sample preparation, and sequencing Total RNA was extracted from liver samples using the RNeasy kit (Qiagen; Valencia, CA). RNA sequencing was performed using the Illumina HiSeq 2000 next-generation sequencing platform. Output was divided across 24 individual flow cell lanes. We sequenced 72 samples with approximately 6 Gb (*60 million 108 bp paired-end reads) of sequencing yield dedicated to each sample. During base-calling, low-quality reads were identified and removed, and indexed reads were identified and grouped accordingly. Quality scores per base were calculated and visualized. Filtered reads were then aligned with the entire human genome using the Bowtie program. Aligned RNASeq reads were imported into the Cufflinks program, which assembles alignments into a parsimonious set of transcripts and estimates relative abundance based on the number of reads per fragment, and we used the TopHat program to provide base-pair resolution exon annotations along with approximate quantitation of expression for those exons.
Results
Genotyping was performed on DNA obtained from 2,300 patients. Following filtering and removal of unsatisfactory data for call rate, minor allele frequency, Hardy-Weinberg equilibrium, data from a total of 2,084 samples were available. Individuals with any evidence of viral hepatitis, HIV, or cancer (9 samples) and outliers following Eigenstrat principal component permutation testing (207 samples) were then removed. A summary of demographic and clinical characteristics of the final cohort (n = 1868) is shown in Table 1 . As is typical for patients enrolled in bariatric surgery programs [27] , the population was primarily female ([81 %). In addition, the percentage of males with grade 2 and 3 hepatic lipid content was significantly higher than in those without liver fat. The average age of 45 years, BMI of 47 kg/m 2 , and waist circumference of 53 inches were not significantly different across grades. Mean values of glucose, insulin, and HbA1c levels were significantly higher in patients with any evidence of hepatic lipid accumulation (grades 1, 2, or 3). Mean triglyceride levels also increased with hepatic fat grade from 138 to [200 mg/dL in grades 2 and 3, as did mean ALT levels from 23 to 46 U/L, and mean AST from 23 to 36 U/L. However, total cholesterol, LDL-C, HDL-C, alkaline phosphatase, and total bilirubin did not change significantly with the level of hepatic lipid accumulation.
We first investigated association between genetic variants and total bilirubin level. Previous studies have shown highly significant associations with variants in the family of uridine 5 0 -diphospho-glucuronosyltransferase genes, i.e., the UGT1A locus [23] . We performed this analysis to serve as a ''replication control'' for our data and, given the association between total bilirubin and aspects of type 2 diabetes, to conduct an analysis in the new context of extreme obesity. We observed a cluster of variants on chromosome 2 showing strong association with total bilirubin. The strongest evidence for association was observed with rs4148325 (6-10 % decrease in mean bilirubin level per copy of T allele; nominal P = 5.0 9 10 -93 ), located in the UGT1A1 gene (Table 2) . Interestingly, despite the relative homogeneity of the study sample, principal components analyses of genotype data excluded nearly 10 % of the population, implying that clinical grade assessment of ethnic status does not preclude significant genetic population stratification. Potential stratification in other populations of apparent European ancestry may have similar implications for previously reported GWAS studies.
We next examined the relationship between genotype and the level of hepatic fat based on histological hepatic lipid grade. As shown in Fig. 1 , four markers approached FDR-or Bonferroni-corrected statistical significance, rs4823173, rs2896019, and rs2281135, all in the PNPLA3 gene, and rs10401969 which resides in intron 8 of the SURP and G patch domain containing 1 (SUGP1) gene located within the NCAN locus (Table 2 ). rs4823173 and rs2281135 are 3,840 bp apart and show moderate linkage disequilibrium (R 2 = 0.843). rs4823173 and rs2896019 are 4,964 bp apart with identical linkage, whereas rs2896019 and rs2281135 are 1,124 bp apart and in stronger linkage (R 2 = 1.000). Given the known dominant nature of the PNPLA3 locus on hepatic fat level, we reanalyzed the association using a dominant model and observed statistically significant evidence for association between PNPLA3 variants and hepatic fat grade (Table 2) . For rs4823173, a dominant effect was evident, with different (P \ 0.0001) mean grades of hepatic fat of 1.08 (±0.89) for the 1,272 major allele (GG) homozygotes, and 1.32 (±0.95) and 1.33 (±0.86), respectively, for the 557 GA and 52 AA minor allele carriers and homozygotes. In contrast, the effect on mean (?/1 SD) grade for rs10401969 varied (P \ 0.0001) from 1.11 (±0.90), 1.41 (±0.97), and 1.83 (±1.17) for 0 (n = 1,625), 1 (n = 251), and 2 (n = 6) copies of the Because over 80 % of the population was female, we also conducted sex-specific analyses. Genome-wide association analysis for 1,512 female individuals using an additive model yielded similar but less significant results (Supplemental Figure S1) , with the peak P values for the NCAN and SUGP1/PNPLA3 loci just less than 10 -6 . A further diminution in statistical significance was present for the 356 males (Supplemental Figure S2) . Interestingly, the peak P value (greater than *10 -4 ) for the PNPLA3 locus was disproportionately reduced relative to the SUGP1/ PNPLA3 locus, suggesting that the result was not due solely to reduced power, but that the locus may have a greater influence on hepatic fat accumulation in women compared with men.
The association of rs10401969 with hepatic lipid grade is consistent with previously reported findings of association in the NCAN locus [28] . In this locus, a number of variants spanning a genomic region encompassing approximately twenty genes have been shown to be nominally associated with hepatic fat. To date, the gene that contributes to the hepatic fat phenotype has not been identified. To determine whether any of the genes in this locus showed changes in expression with respect to hepatic lipid content, we sequenced RNA from biopsied liver tissue of 12 patients with normal histology and 12 with liver fat (steatosis grades 2 and 3). We evaluated the ratio of transcript numbers for MEF2BNB-MEF2B, RFXANK, LPAR2, GMIP, SUGP1,  ZNF14, PBX4, ATP13A1, MAU2, NCAN, CILP2, GA-TAD2A, TSSK6, ZNF101, NR2C2AP, NDUFA13, HAPLN4,  TM6SF2, MEF2B , and YJEFN3 (Supplemental Table 1 ). Of these genes, LPAR2 was the only gene whose transcript level was differentially expressed, with a 1.6-fold increase in fatty versus normal liver (P = 0.00015).
We next sought to investigate the genetic architecture of low-grade hepatic lipid accumulation because (1) this condition affected the highest percentage of individuals in our cohort, (2) PNPLA3 and SUGP1/NCAN locus variants that are strongly associated with moderate to severe grades of hepatic fat may potentially obscure other loci, and (3) genes associated with incipient hepatic lipid accumulation may be more likely to play a role in the development of insulin resistance. Few studies have conducted such subgroup analysis. We therefore performed logistic regression analysis using an additive genetic model with grade 1 and grade 0 as case and control groups, respectively (Fig. 2) . In this analysis, we observed highly suggestive evidence for association (Table 2 ) with rs10859525 (P = 3.8 9 10 -7 ) on chromosome 12, located approximately 15 kb upstream from the suppressor of cytokine signaling 2 (SOCS2) gene and with rs1294908 (P = 7.1 9 10 -7 ) located on chromosome 7, residing *10 kb downstream from the receptor (G protein-coupled) activity modifying protein 3 (RAMP3) gene. For SOCS2 SNP rs10859525, the mean hepatic fat grade was 0.75 (±0.43) for the 454 major allele homozygotes (GG), 0.64 (±0.48) for the 622 heterozygotes (GA), and 0.55 (±0.50) for the 214 minor allele homozygotes (AA). The pattern for RAMP3 SNP rs1294908 genotypes was similar to that of SOCS2 with mean hepatic fat grade of 0.67 (±0.48) for the 808 major allele homozygotes (AA), 0.56 (±0.50) for the 426 heterozygotes, and 0.42 (±0.50) for the 55 minor allele homozygotes (GG). SOCS2 transcript levels were statistically decreased in RNA sequencing, with quantitative PCR (data not shown) from fatty liver samples (grades 1-3) showing about 30 % of the transcript levels of normal liver (P = 0.0002). In contrast, there were no significant differences in RAMP3 transcript levels between the two groups.
Discussion
We sought to define the genetic architecture of histologically documented hepatic lipid accumulation in a population with extreme obesity. Our analysis focused on fatty liver because of the potential role of hepatic lipids in the development of insulin resistance and to provide more indepth analysis of an understudied phenotype relative to more advanced stages of NAFLD/NASH. In addition, most genetic studies of fatty liver have used image-based phenotyping rather than histological determination. We analyzed bariatric surgery patients who undergo liver biopsy not because of a specific indication of potential liver disease, but as a standard of care due to the relatively safe opportunity to diagnose potentially severe occult liver disease resulting from fatty liver. Thus, the availability of histological data from a population in which liver biopsies would otherwise not ethically be performed provides a unique opportunity to explore biological mechanisms not possible with other study designs. This relatively unbiased biopsy data also yields information to further evaluate liver status and perform work-up for other potential liver diseases such as viral hepatitis or alcohol abuse, which can then be excluded from analysis. In addition, the extreme level of obesity also likely homogenizes the potential for a fatty liver phenotype from caloric over-consumption, i.e., essentially all patients have consumed sufficient calories to induce fatty liver in susceptible individuals. The extensive preoperative psychological and medical preparation program for bariatric surgery includes in-depth evaluation of excess alcohol consumption and drug abuse, either of which exclude patients from consideration for bariatric surgery, thus minimizing two potential environmental factors that could influence the occurrence of liver fat.
Our results extend to a population with extreme obesity several known liver-related genetic loci. We observed strong evidence for association of total bilirubin with the UGT1A1 locus that was first identified in Caucasians [20, 21] , and later confirmed in Chinese [29] and AfricanAmerican populations [30] ; however, our study is the first performed in the setting of extreme obesity. We also observed that total bilirubin level was not related to hepatic lipid grade, demonstrating that neither the degree of obesity nor the severity of fatty liver impacted the influence of the UGT1A1 genetic variants. In contrast to these findings, we did not detect association between total bilirubin levels and SLCO1B1 variants, which have also been associated with this phenotype [31] . However, the strength of the SLCO1B1 association was much weaker relative to UGT1A1 variants, and the current study may not have been sufficiently powered to detect such an association. Alternatively, this locus may not play a role in the regulation of bilirubin levels in individuals with extreme levels of obesity.
We also replicated two loci associated with both CTand biopsy-proven NAFLD in a genome-wide association study (GWAS) of a Caucasian population: the PNPLA3 and the NCAN loci [28] . PNPLA3 variants have also been associated with NAFLD through GWAS in a Japanese population [32] , but not in the NASH Clinical Research Network cohort [33] , although analysis of PNPLA3 as a candidate gene using a large unphenotyped control population was demonstrated [34] . The causal variant in PNPLA3, rs738409, which encodes an I148 M substitution, has a strong, dominant effect on liver fat, even under the condition of extreme obesity [35, 36] . Unfortunately, rs738409 was not present on the genotyping chip we used for this study. It is, however, in moderate to strong linkage disequilibrium with other PNPLA3 variants (rs4823173, rs2896019, and rs2281135) that were genotyped and these markers reside together in the same haplotype block (Supplemental Figure 1) .
We also observed association between hepatic grade and variants in the SUGP1/NCAN locus. While attempts have been made to identify the causative gene in this locus that underlies the association with fatty liver [37] , no candidate has yet been confirmed. Recently, a variant (rs58542926) coding for a missense mutation (Glu167Lys) in the transmembrane 6 superfamily member 2 (TM6SF2) gene was identified in the Dallas Heart Study cohort, in whom the PNPLA3 I148 M variant was first identified [38] . The 5 0 end of TM6SF2 is\5 kb downstream of the last exon in the SUGP1 gene. Marker rs58542926 was not present on the genotyping chip we used for this study; however, it is in strong linkage disequilibrium (r 2 = 0.80) with rs10401969. The TM6SF2 variant was also associated with significant reductions in plasma levels of alkaline phosphatase, triglycerides, and LDL-C, with heterozygous carriers manifesting intermediate levels; these results were replicated in two additional cohorts. In our analyses, we also found significant (P \ 0.0001) differences in triglycerides and LDL-C for rs10401969 (Supplemental Table 2 ), although, in contrast with findings from the Dallas Heart Study cohort, minor allele homozygotes had higher mean levels than the heterozygous group. In addition, we found no statistically significant difference among genotype groups for alkaline phosphatase levels. TM6SF2 appears to play a role in lipoprotein synthesis and regulation of intestinal alkaline phosphatase activity, both of which may be impacted by extreme obesity and related co-morbidities that were not present in the Dallas Heart Study or the replication cohorts.
To evaluate other potential NCAN locus gene candidates, we systematically analyzed 20 genes located at this locus and found the only evidence for differential expression with LPAR2. This gene encodes the lysophosphatidic acid (LPA) receptor 2, which belongs to family I of the G-protein receptors and functions to mobilize calcium in response to LPA. Recently, LPA signaling was shown to impair glucose homeostasis and inhibit insulin secretion in obese mice fed a high-fat diet [39] , and is involved with hepatic gluconeogenesis and insulin resistance [40] . Interestingly, the rs10401969 risk allele was associated with significantly higher glucose levels with a trend for higher insulin in the minor allele homozygotes (Supplemental Table 3 ). Notably, LPA acyltransferase activity was reduced 60-70 % with liverspecific PNPLA3 knockdown [41] , linking LPA, and potentially LPAR2, in a molecular pathway involving PNPLA3. These data support LPAR2 as a potential effector gene in the fatty liver NCAN locus. Thus, our data suggest that additional genes in the SUGP1/TM6SF2/ NCAN locus may play a role in hepatic lipid accumulation in individuals with extreme obesity.
Consistent with other populations, we also found that grade of hepatic lipid content was related to several key metabolic parameters [42] . Mean levels of insulin, glucose, and HBA1c were normal in individuals without evidence of hepatic fat but increased even in grade 1, despite no changes in AST and ALT that would be suggestive of liver injury. Given that the mean BMI and waist circumference of individuals without hepatic fat was not different from those with high liver fat content and metabolic abnormalities, these levels of extreme obesity do not appear to play a role in the development of metabolic abnormalities. The increase in parameters of dysglycemia with hepatic fat content in the setting of extreme obesity provides circumstantial support for a causal role of hepatic lipid accumulation in the development of insulin resistance and subsequent type 2 diabetes [3] . Incipient fat accumulation, a phenotype seldom investigated, thus appears to be associated with metabolic abnormalities, although any genetic underpinnings have not yet been described. Our association analyses identified a SNP near the SOCS2 gene that was protective against low-grade hepatic fat accumulation. SOCS2 was included in a core set of type 2 diabetes genes identified using a meta-analysis molecular network random sampling approach with data from multiple tissues in human and mouse [43] . SOCS2 opposes the action of growth hormone, and deficiency of growth hormone results in hepatic lipid accumulation. Experimentally, SOCS2 deficiency protects against hepatic lipid accumulation in a high-fat diet-fed mouse model of fatty liver [44] . SOCS2 was also upregulated in a chimeric mouse xenotransplant model containing human hepatocytes in which human growth hormone deficiency was found to cause liver lipid accumulation [45] . In these animals, treatment with human growth hormone improved hepatic lipid status, while significantly upregulating SOCS2 expression. SOCS2 has also been shown to regulate proinsulin processing and insulin secretion in pancreatic beta cells, potentially linking fatty liver susceptibility and insulin resistance [46] . In a morbidly obese cohort of women, similar to the one studied here, SOCS2 gene expression was decreased in liver RNA relative to patients who had lost a substantial amount of weight [47] . Our findings of reduced SOCS2 expression in fatty compared with normal liver are concordant with these findings.
We also identified an association with low-grade hepatic fat with a SNP near the RAMP3 gene, which encodes a receptor activity modifying protein for the islet amyloid polypeptide (amylin) receptor. Amylin is a small peptide hormone expressed primarily by pancreatic islet beta cells [48] . Amylin improves the effect of leptin on insulin sensitivity in leptin-resistant diet-induced obese mice [49] and has been shown to regulate fatty acid esterification in cultured adipocytes [50] . The interaction of SOCS2 and RAMP3 genotypes, coupled with the available biological information, adds further evidence to support their role in mild hepatic fat accumulation.
Despite the significance of the findings reported here, we acknowledge several limitations. First, this study is comprised solely of individuals with extreme levels of obesity. The pathophysiology of hepatic lipid accumulation may be different in these extreme levels of obesity. In regard to this potential limitation, however, two considerations are worth noting: (1) in our observations, the mean BMI at each successive grade of hepatic fat was similar, and (2) obtaining liver tissue from individuals without clinical indication, i.e., healthy subjects, presents a significant ethical challenge, given the potential morbidity and mortality associated with the procedure. Similarly, another potential limitation of this proposal is the relative uniformity of the study population, which is primarily of Caucasian ethnicity and largely represents a single institutional, retrospective design. The population is also over 80 % female, which may also limit generalizability, although sex-specific analyses suggest that the PNPLA3 locus may exhibit a higher degree of association in women than men. Our ability to detect significant associations was limited by the relatively small sample size for a GWAS. Unfortunately, large data sets of histologically based phenotypes for studies of human liver are difficult to accrue. Despite this limitation, we had sufficient power to replicate several associations at stringent statistical significance thresholds, primarily due to the large effect sizes of the variants, e.g., those associated with total bilirubin and the PNPLA3 SNPs. For subgroup analysis of incipient fat accumulation, which reduced the sample size, we estimated that we could detect a genotypic relative risk of about 1.3 with 80 % power and a type I error rate of 0.05 given a risk allele frequency of 0.05 (e.g., the RAMP3 SNP) and a prevalence of fatty liver of 0.62. This study represents the first large-scale genome-wide analysis of genetic variation and clinically relevant data on biopsy-proven fatty liver disease, and findings resulting from this work will be available for investigation in other ethnic groups and utilizing different study designs.
These findings replicate several loci for fatty liverrelated phenotypes in extreme obesity and present evidence for new candidate genes that may play a role in the pathogenesis and metabolic consequences of hepatic fat accumulation. Further studies on the relationship between insulin resistance, incipient hepatic lipid loading, and the newly identified candidate genes may be warranted.
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